Abstract Mutations in NIPA1 (non-imprinted in PraderWilli/Angelman syndrome) have been described as a cause of autosomal dominant hereditary spastic paraplegia (HSP) known as SPG6 (spastic paraplegia-6). We present the first neuropathological description of a patient with a NIPA1 mutation, and clinical phenotype of complicated HSP with motor neuron disease-like syndrome and cognitive decline. Postmortem examination revealed degeneration of lateral corticospinal tracts and dorsal columns with motor neuron loss. TDP-43 immunostaining showed widespread spinal cord and cerebral skein-like and round neuronal cytoplasmic inclusions. We ruled out NIPA1 mutations in 419 additional cases of motor neuron disease. These findings suggest that hereditary spastic paraplegia due to NIPA1 mutations could represent a TDP-43 proteinopathy.
Introduction
Hereditary spastic paraplegia (HSP) is a genetically heterogeneous group of disorders characterized by progressive spasticity and lower limb weakness. ''Complicated'' forms present additional features including ataxia, peripheral neuropathy, extrapyramidal signs, dementia, and epilepsy [13] . The underlying pathology shows axonal degeneration in the terminal portions of the longest spinal tracts [2] ; however, the mechanisms of neurodegeneration are not well understood. Hereditary spastic paraplegia can be autosomal dominant, autosomal recessive, X-linked, or present as apparently sporadic [10] . Mutations in NIPA1 (non-imprinted in Prader-Willi/Angelman syndrome) cause a form of autosomal dominant HSP known as SPG6 (spastic paraplegia-6) [28] .
TDP-43 has been identified as a major component in pathological inclusions in amyotrophic lateral sclerosis (ALS) and frontotemporal degeneration with motor neuron disease (FTD-MND) [25] , which, like HSP, show degeneration of the pyramidal motor system. Here we report a case of complicated HSP with NIPA1 mutation and widespread TDP-43 pathology.
Clinical history
A 13-year-old female developed leg spasticity, bladder dysfunction and weakness, which slowly progressed for decades interfering with ambulation. At age 53 she developed upper extremity weakness, bilateral facial weakness and increasing bladder and bowel dysfunction. She reported hoarseness, oropharyngeal dysphagia, dyspnea and orthopnea. Progressive cognitive decline with impaired attention, poor memory and personality change ensued. Family history information was limited by small paternal family size and early ages of death, however, her father had progressive personality changes, aggressiveness, word-finding difficulties and poor sentence formation since age 61, along with a gait disturbance and mild tremor. He died at the age of 71, but neither autopsy nor genetic material was available.
Neurological examination at the age of 54 identified mild executive dysfunction with decreased phonetic word output, abnormal digit-span and attentional impairment, consistent with frontal lobe involvement. Cranial nerves were notable for slow tongue rapid movements. Motor exam demonstrated bilateral hand intrinsic muscle atrophy and 4/5 weakness. Marked leg spasticity was noted with spontaneous and evocable triple flexion. Reflexes were increased throughout, with up-going toes. Sensory exam showed reduced vibration sensation in toes and ankles, with normal proprioception, pin and temperature sensation.
Laboratory evaluation, including a comprehensive metabolic panel, thyroid function, CBC with differential, autoantibodies and B12, was negative or within normal limits. Creatine kinase was mildly elevated (310 U/L). A brain MRI showed non-specific periventricular white matter lesions. Nerve conduction exams demonstrated absent peroneal motor response with reduced tibial motor amplitude (0.5 mV) and velocity (39 m/s). Sural sensory response was absent. There was mild chronic denervation in proximal arm and forearm muscles, but marked chronic partial denervation in the intrinsic hand muscles. Tibialis anterior motor unit amplitudes were large, with reduced recruitment and activation, suggesting a superimposed upper motor neuron process.
Serial examinations over the next 2 years demonstrated progressive lower motor neuron weakness (arms, legs, axial and respiratory muscles), tongue fasciculations, and cognitive decline. The patient died from neuromuscular respiratory failure 3 years after the presentation of upper extremity weakness.
Results
DNA sequencing of the entire coding region of NIPA1 (SPG6) demonstrated a guanine to adenosine substitution at position 341 (c.316G[A) resulting in a glycine to arginine change (p.G106R). In addition, variants in SPG3A and SPG4 (Athena Diagnostics, Inc.), TARDBP mutations and C9orf72 expansion were ruled out.
Postmortem examination revealed diffusely atrophic spinal cord and a grossly unremarkable 1217 gram brain. Microscopic exam of the spinal cord showed extensive pial fibrosis and adhesions throughout, with focal leptomeningeal calcifications. Anterior roots appeared atrophic with focal adhesions; however, the number of myelinated and unmyelinated fibers appeared within normal limits. Peripheral nerves and dorsal root ganglia were not available for examination. There was widespread motor neuron loss with moderate to severe gliosis in the anterior horns, most prominent in the thoracic, cervical and sacral cord with relative sparing of the lumbar segments. Bunina bodies were present in residual motor neurons of the spinal cord. Kluver-Barrera stains highlighted degeneration of lateral corticospinal tracts, anterior corticospinal tracts and dorsal columns throughout the spinal cord. Axonal loss was concomitant with myelin loss, as demonstrated by immunohistochemistry (IHC) for heaviest neurofilament protein and myelin basic protein (antibodies developed at CNDR). Moderate neuronal loss was noted in the substantia nigra, with occasional extracellular pigment. The motor cortex and other neocortical areas such as the middle frontal gyrus also showed moderate neuronal loss and gliosis. Scattered areas of white matter pallor with reactive astrocytes were noted in the subcortical white matter of the frontal, temporal and parietal lobes, without any evidence of frank infarction. These areas of rarefaction were associated with small and medium-sized vessels with rigid, thickened walls, and occasional perivascular hemosiderin-laden macrophages; changes consistent with hyaline arteriolosclerosis. Vessels with medial calcific degeneration were identified in the putamen and thalamic sections.
TDP-43 IHC (Proteintech Group Inc, Chicago, IL, USA; 1:4,500 dilution) revealed scattered skein-like and round cytoplasmic inclusions in residual anterior horn motor neurons (Fig. 1) . Immunoreactive oligodendroglial cytoplasmic inclusions were also present in the spinal gray and white matter. Additional motor neurons without definitive inclusions showed cleared-out nuclei with cytoplasmic diffusely granular TDP-43 immunoreactivity. A moderate density of cytoplasmic TDP-43 positive neuronal and glial inclusions as well as TDP-43 positive neuritic threads was identified in the substantia nigra, limbic system (amygdala, entorhinal cortex, CA1/subiculum and cingulate gyrus), basal ganglia, and neocortex (including angular gyrus, superior and middle temporal gyri, middle frontal gyrus and motor cortex). In these areas, many glial cells and neurons showed cleared nuclei with diffuse granular TDP-43 staining. The TDP-43 immunoreactive inclusions (as well as the diffuse cytoplasmic staining) were also identified with antibodies against phosphorylated TDP-43 (409-410, developed at CNDR). The morphology of the TDP-43 pathology in the cortex, consisting of moderate numbers of neuronal cytoplasmic inclusions and short dystrophic neurites involving all cortical layers, would correspond with a type B classification of FTLD-TDP [20] but the presence of abundant cells with diffuse cytoplasmic TDP-43 staining and nuclear clearing is an additional salient feature in this case. Otherwise, there was a low density of tau pathology in limbic regions and no evidence of senile plaques, Lewy bodies or other tau pathology.
IHC for NIPA1 (A-12, Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA; 1:500 dilution) did not show pathologic cytoplasmic inclusions. However when compared with control tissue, there was an apparent change in frontal cortex and spinal cord in that the normal controls showed granular polarized cytoplasmic labeling in neurons which contrasted with the decreased, diffuse non-granular cytoplasmic staining in the test case, suggesting a potential subcellular mislocalization of NIPA1. In addition, NIPA1 expression appeared decreased in the frontal cortex compared with the controls (Fig. 2) . These differences were not seen in the hippocampus. NIPA1 also showed strong granular staining of endothelial cells in all cases, suggesting a potential association of the protein with membranebound organelles such as endoplasmic reticulum and vesicular trafficking systems.
To examine whether NIPA1 mutations could be an unrecognized cause of motor neuron disease (MND), 386 cases of ALS and 33 FTD-MND seen by neurologists in the University of Pennsylvania Health System were screened for mutations. This cohort included 103 autopsy-proven cases and 44 familial cases. All subjects signed informed consent and the study was conducted under Institutional Review Board approval. DNA was extracted from peripheral blood or brain tissue following the manufacturer's protocols (Flexigene (Qiagen) or QuickGene DNA whole blood kit L (Autogen) for blood, and QIAsymphony DNA Mini Kit (Qiagen) for brain tissue. Genotyping was performed using real-time allelic discrimination with custom Applied Biosystem (ABI) TaqMan probes on the ABI 7500 fast real-time instrument using standard conditions. The 
Discussion
Families with HSP and NIPA1 mutations display widespread ages of onset and variable phenotypes, including clinical features similar to our patient such as peripheral neuropathy [8] and dysexecutive syndrome [16] (Table 1) . Clinically, this patient exhibited complicated spastic paraplegia with progressive motor neuron-like syndrome which followed a course typical of that seen in MND/ALS and dysexecutive syndrome following a pattern consistent with frontotemporal degeneration. Her family history was significant for her father's cognitive impairment suggestive of frontotemporal degeneration, suggesting that potentially he may have carried the same genetic mutation as the patient. We cannot entirely exclude that this patient with HSP developed superimposed sporadic ALS; however, HSP and ALS have overlapping clinical features that reflect dysfunction of the pyramidal system, suggesting a possible shared pathological basis for these two neurodegenerative disorders and thus supporting the hypothesis that all neurological deficits in this patient were caused by the underlying genetic mutation. To our knowledge, this is the first neuropathological description of a patient with a NIPA1 mutation. Pathologically, HSP shows distal axonal degeneration of corticospinal tracts and dorsal columns [2] , sometimes with motor neuron loss [17, 26] . This case demonstrates motor neuron and axonal loss throughout the spinal cord, including degeneration of dorsal columns and corticospinal tracts, consistent with HSP. In addition, widespread classic TDP-43 positive neuronal cytoplasmic inclusions were identified in lower motor neurons, substantia nigra, basal ganglia, limbic structures and neocortex (including motor cortex). Involvement of the frontal lobes and limbic system offers an etiological correlate for the cognitive impairment. Similar diffuse involvement of non-motor systems has been previously described in ALS, suggesting a continuum in TDP-43 proteinopathies [12] . These findings, albeit in a single case, suggest that TDP-43 may play a role in HSP with NIPA1 mutations. In addition to family history suggesting a potential autosomal dominant inheritance, the finding of a wellknown HSP-causing mutation in NIPA1 supports this as the underlying cause of our patient's neurodegenerative disorder. Further evidence suggests that variants in NIPA1 and other HSP-associated genes may be implicated in ALS. A genome-wide copy number variation analysis demonstrated an association of 15q microdeletions (including the NIPA1 locus) with ALS [4] . Furthermore, other HSP-associated genes cause MND phenotypes. Spatacsin (SPG11) mutations were found in 10 of 25 unrelated families with autosomal recessive ALS, including a case with classical ALS pathology (TDP-43 IHC not performed) [27] . A patient with juvenile ALS with a prolonged course carried a mutation in exon 1 of spastin (SPAST) [21] . All these findings expand the concept that mutations in some HSPassociated genes may also cause ALS.
It is well established that TDP-43 inclusions are found in patients with mutations in genes such as progranulin (GRN) [5, 19] , valosin-containing protein (VCP) [24] , dynactin (DCTN1) [9] , optineurin (OPTN) [14] , angiogenin (ANG) [31] and chromosome 9 open reading frame 72 (C9orf72) [1, 7, 23, 30] . In these patients, as in our case, there is no pathologic accumulation of the mutated protein. Thus, NIPA1 mutations may cause a MND phenotype with TDP-43 pathology. Nevertheless, screening of 419 patients with ALS or FTD-MND did not reveal any of the three previously identified NIPA1 mutations. This may reflect a limited statistical power in our study. However, it is also possible that while a point mutation in NIPA1 may be sufficient to cause HSP and MND with TDP-43 pathology, other molecular alterations may confer a susceptibility risk factor increasing neuronal vulnerability to additional insults. In fact, an ALS study identified deletions of NIPA1 as a risk factor [4] . NIPA1 encodes a transmembrane Mg 2? transporter protein, which may interfere with TDP-43 through perturbations in Mg 2? concentrations at the subcellular level. A gain-of-function dominant negative effect has been proposed as a mechanism for NIPA1 mutations in HSP [28] . In our case, IHC evidence of possible decreased expression and mislocalization suggests a potential loss of function, although further testing is needed.
In summary, we present the first neuropathological description of an HSP patient with a NIPA1 mutation, showing axonal degeneration of corticospinal tracts and dorsal columns of the spinal cord, lower motor neuron loss and TDP-43 pathology, suggesting a possible common pathway for motor neuron degeneration in HSP with NIPA1 mutations and ALS. In addition, we have not identified NIPA1 point mutations in 419 ALS and FTD-MND cases indicating that these are not an unrecognized common cause of ALS. Further studies on the role of TDP-43 in HSP with NIPA1 and other genetic causes are needed to illustrate the interaction of these two devastating disorders and potentially develop therapeutic targets.
